Cell death-inducing DFF45-like effector (CIDE) domains, initially identified in apoptotic nucleases, form a family with diverse functions ranging from cell death to lipid homeostasis. Here we show that the CIDE domains of Drosophila and human apoptotic nucleases Drep2, Drep4, and DFF40 all form head-to-tail helical filaments. Opposing positively and negatively charged interfaces mediate the helical structures, and mutations on these surfaces abolish nuclease activation for apoptotic DNA fragmentation. Conserved filamentous structures are observed in CIDE family members involved in lipid homeostasis, and mutations on the charged interfaces compromise lipid droplet fusion, suggesting that CIDE domains represent a scaffold for higher-order assembly in DNA fragmentation and other biological processes such as lipid homeostasis.
Cell death-inducing DFF45-like effector (CIDE) domains, initially identified in apoptotic nucleases, form a family with diverse functions ranging from cell death to lipid homeostasis. Here we show that the CIDE domains of Drosophila and human apoptotic nucleases Drep2, Drep4, and DFF40 all form head-to-tail helical filaments. Opposing positively and negatively charged interfaces mediate the helical structures, and mutations on these surfaces abolish nuclease activation for apoptotic DNA fragmentation. Conserved filamentous structures are observed in CIDE family members involved in lipid homeostasis, and mutations on the charged interfaces compromise lipid droplet fusion, suggesting that CIDE domains represent a scaffold for higher-order assembly in DNA fragmentation and other biological processes such as lipid homeostasis.
CIDE family | higher-order structure | DNA fragmentation | apoptosis | lipid homeostasis A hallmark of apoptosis is the fragmentation of cellular genomic DNA into a laddered pattern composed of multiples of 180-to 200-bp pieces, which correspond to the DNA length in a nucleosome. Two decades ago, the enzyme responsible for regulated DNA fragmentation was identified from human HeLa cells as a heterodimeric complex of the nuclease DNA fragmentation factor (DFF) of 40 kDa (DFF40), and the inhibitor of 45 kDa (DFF45) (1) . Independently, a heterodimeric complex of caspase-activated DNase (CAD) and its inhibitor (ICAD) was identified from mouse lymphoma cells (2, 3) . DFF45 and ICAD chaperone the folding of DFF40 and CAD, respectively, and also trap them in inactive states through complex formation. On induction of apoptosis, DFF45 and ICAD are cleaved by activated caspases to release DFF40 and CAD for nuclear translocation and digestion of genomic DNA through large-scale chromatin fragmentation and internucleosomal DNA cleavage (1, 4) .
DNA fragmentation is the basis for the classical apoptotic TUNEL assay that detects DNA double-strand breaks (5) . Because apoptotic cells display "eat-me" signals and are phagocytosed, DNA fragmentation has been proposed as a mechanism for avoiding the transformation of recipient cells by the activated oncogenes or viral genes and reduce the autoimmune response from the strong autoantigenic DNA (6) . Clinically, sperm DNA fragmentation is used as a correlative to male infertility (7) , and circulating fragmented cellfree DNA is detected as a disease biomarker (8) .
Human DFF40 and DFF45 and mouse CAD and ICAD contain a conserved N-terminal region known as the cell death-inducing DFF45-like effector (CIDE) domain (9) (Fig. S1A ). In Drosophila, four DFF-related proteins (Drep1-4) are critical for apoptotic DNA fragmentation (10-12) (Fig. S1A ), and Drep2 also acts as a unique synaptic protein important in learning and behavioral adaptation (13) . Biochemical characterization of CIDE-CIDE interactions from Drep1 to Drep4 has revealed that the Drep2 and Drep4 nucleases interact with and are inhibited by Drep1 and Drep3 (14) (15) (16) . In addition to DNA fragmentation, the CIDE domain-containing proteins CIDEA, CIDEB, and FSP27 (also known as CIDEC) play important roles in lipid homeostasis (17) ( Fig. S1A ), and their disruption can result in obesity, diabetes, liver steatosis, and cardiovascular diseases. CIDEA, CIDEB, and FSP27 are known to localize at lipid droplet contact sites, promoting lipid transfer and lipid droplet fusion in adipocytes and hepatocytes (17, 18) .
CIDE domains possess an α/β roll structure with two α-helices and five β-strands as determined by NMR spectroscopy (19) . NMR structures of CIDE domain complexes of DFF40-DFF45 and CAD-ICAD exhibit asymmetric heterodimers with charge complementarity (20, 21) , and the crystal structure of the CIDE domain of FSP27 shows the molecular basis of homodimerization (22, 23) . In the present study, examination of the crystal structures of Drep2 and Drep4 unexpectedly revealed that some CIDE domains also form higher-order assemblies through open-ended helical oligomerization to execute their diverse biological functions. This study establishes a domain scaffold for helical oligomerization from DNA fragmentation to lipid droplet metabolism.
Results

Crystal Structures of Drep2 and Drep4 Reveal CIDE Domain Helical
Oligomerization. In an effort to shed light on the mechanism of DNA fragmentation, we determined the crystal structures of the Significance Cell death-inducing DFF45-like effector (CIDE) domains, initially identified in apoptotic nucleases, form a highly conserved family with diverse functions ranging from cell death to lipid homeostasis and synaptic regulation. Through structural determination of two CIDE family proteins, Drep2 and Drep4, we found that CIDE domains can form helical oligomers. Our results reveal that such higher-order structures not only are conserved in the CIDE family, but also are critically important for both DNA fragmentation and lipid droplet fusion. Therefore, our findings identify the CIDE domain as a scaffolding component for higher-order structure assembly. Our results expand the importance of higher-order structures from the established field of immune signaling to broader biological functions.
CIDE domains of the Drep4 nuclease in the crystal forms of P1 and P2 1 2 1 2 1 at 3.0 and 1.9 Å resolution, respectively, and of the Drep2 nuclease in the P2 1 2 1 2 1 space group at 2.3 Å resolution (Table S1) . Surprisingly, these structures invariably revealed helical assemblies that have not been reported previously for any CIDE domains despite extensive structural study (19) (20) (21) (22) . In fact, it is usually impossible to crystallize a helical structure unless the helical periodicity happens to be an integer, as is the case here. The 10 molecules per crystallographic asymmetric unit in the P1 Drep4 structure form one turn of a helical assembly (Fig. 1A ). In the crystal lattice, the helical structure is continuous and stacks along the a-axis of the unit cell with a 56.5 Å rise/turn and ∼105 Å diameter. This arrangement is conserved in the P2 1 2 1 2 1 Drep4 structure with five molecules in each crystallographic asymmetric unit (Fig. 1B) . The Drep2 crystal contains four molecules in the crystallographic asymmetric unit, arranged into a helical assembly in the crystal with eight subunits per turn with a rise of 50.3 Å and diameter of ∼90 Å (Fig. 1C ). If one of the subunits in a Drep4 spiral is aligned with a subunit in a Drep2 spiral, then the neighboring subunits are related by a ∼19°rotation (Fig. 1D) .
To corroborate the crystal structures, we turned to electron microscopy (EM). Both Drep2 and Drep4 eluted from a Superdex 200 gel filtration column close to the void volume in a physiological salt condition of 150 mM NaCl and migrated at smaller sizes with increasing salt concentration ( Fig. S1B ). EM of negatively stained samples showed that Drep4 and Drep2 both formed rings and filaments, with comparable diameters in each of the crystals (Fig. 1E ).
The Observed Interface is Responsible for Drep Helical Oligomerization.
The Drep2 and Drep4 helical oligomers are formed by repetitive head-to-tail polymerization between highly charged interfaces ( Fig. 2 A and B) . In Drep4, residues D91, E94, D97, E99, and D116 form the highly negatively charged patch in opposition of residues K51, R59, K60, and K74 on the positively charged patch ( Fig. 2 B and C) . These residues are largely conserved in Drep2 (Fig. S2A ). In both Drep2 and Drep4, this interface buries an ∼500 Å 2 accessible surface area per subunit. To confirm the interface in Drep4, we generated mutations K51E, K74E, D91K, D97K, and E99K to disrupt the interfaces. Although the wild-type (WT) Drep4 CIDE domain eluted predominantly in an oligomer position in size exclusion chromatography, all five mutants showed reduced oligomerization (Fig. 2D EM revealed a lack of filament assembly by the five mutants ( Fig.  S2B) , confirming compromised helical polymerization.
The DFF40 Nuclease Requires Helical Polymerization for DNA Fragmentation. We found that each Drep4-Drep4 and Drep2-Drep2 interface in the helical filament is very similar to the interfaces observed in the heterodimeric human DFF40-DFF45 and mouse CAD-ICAD CIDE domain complexes (20, 21) and in the homodimeric FSP27 complex (22, 23) ( Fig. 2E) . Like Drep2 and Drep4, the interaction between DFF40 and DFF45 involves a small hydrophobic cluster surrounded by salt bridges that include the conserved DGT motif (D51-T53 of DFF40) (20) (Fig. S2A) .
Because earlier biochemical studies suggested that the DFF40 CIDE domain is oligomeric in the absence of DFF45 (20, 21), we wondered whether DFF40 also forms helical structures as Drep2 and Drep4. We coexpressed full-length WT Flag-tagged DFF40 (DFF40-Flag) with HA-tagged DFF45 (HA-DFF45), and immunopurified the complex using anti-Flag affinity gel ( Fig. S2 C  and D) . By adding recombinant active caspase-3 to the DFF40-DFF45 complex, we activated DFF40 by releasing the inhibition of DFF45. Strikingly, EM revealed abundant filamentous structures only after caspase-3 treatment (Fig. 2F) , indicating that DFF40 indeed forms helical higher-order structures on activation. These filaments are much wider, ∼15 nm in diameter, consistent with a core of the CIDE domain flanked by the nuclease domain of DFF40. Inspection of the surface charges of DFF40 CIDE domain revealed complementarity between the two opposing surfaces (Fig. 2G, Left) , in contrast to the lack of complementarity for DFF45 ( Fig. 2G, Right) , further supporting the idea that the CIDE domain of DFF40 forms helical structures by head-to-tail polymerization. We reasoned that because the largely negatively charged surface of DFF40 is away from the DFF45-interacting surface, mutations on this surface might not affect the interaction with DFF45 but might only affect the oligomerization and possibly the nuclease activity of DFF40.
To test this hypothesis, we mutated E57, D58, and the conserved DGT motif, as well as the large hydrophobic residues F60 and W81, on the acidic surface of DFF40 (Fig. 2G, Bottom Left) . We left the basic surface of DFF40 intact to preserve its interaction with DFF45.
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Complementary electrostatic surfaces
Effectors that may form helical oligomers Compared with WT DFF40, all mutants abolished filament assembly after caspase-3 treatment (Fig. S2E) . Consistently, the DFF assay showed that only the coexpressed WT DFF40-DFF45 complex treated by caspase-3 exhibited robust DNA fragmentation activity (Fig. 2H ). All six oligomerization-deficient DFF40 mutants maintained the interactions with DFF45 ( Fig. S2D ), but showed severely impaired DNA cleavage activity (Fig. 2H) .
Helical Oligomerization and Functions of Other CIDE Domain Proteins.
The surface features of the Drep2, Drep4, and DFF40 nucleases and the DFF45 inhibitor suggest that effectors in the DNA fragmentation pathway (Drep2, Drep4, and DFF40) exhibit self-complementary positive and negative surfaces to allow for homo-oligomerization by helical symmetry, whereas the inhibitor (DFF45) does not have opposing complementary surfaces and can heterodimerize only with the effector. To further investigate this observation, we analyzed the surface electrostatics of all CIDE family members with known structures and grouped them into those with selfcomplementary surfaces and those without these surfaces ( Fig. 3  A and B) . As expected, we found that ICAD has similar noncomplementary surfaces as DFF45, and thus can only associate with CAD to inhibit CAD but cannot self-associate ( Fig. 3B ).
Besides the nucleases, CIDEA, CIDEB, and FSP27 also display self-complementary electrostatic surfaces, suggesting that these proteins also may form higher-order structures to promote lipid droplet exchange and fusion (17) . Previous studies have noted FSP27 homodimers in their crystal structures (22, 23) . We wondered if these homodimers further oligomerize into helical structures in the crystal lattices. Indeed, in both independent crystal forms P3 2 and P6 5 , FSP27 packs into similar helical oligomers with six subunits per turn and a diameter of ∼75 Å (Fig. 3C and Fig. S3A ). The rise per turn is 37.6 Å in the P3 2 space group (Fig. 3C ) and 45.0 Å in the P6 5 space group (Fig.  S3A ), suggesting some degree of plasticity in the subunit packing. We examined whether FSP27 forms filaments in solution using EM, and found that the purified CIDE domain of FSP27 displays a filamentous morphology similar to Drep2 and Drep4 with a diameter of ∼8 nm (Fig. S3B) , which is consistent with the crystal structures and confirms the helical assembly of FSP27. The importance of FSP27 oligomerization is supported by previous mutations on the positively charged surface (R46E and R55E) and the negatively charged surface (E87Q/D88N) that abolishes FSP27mediated lipid droplet growth (23) (Fig. S3C ).
Discussion
Oligomerization of DFF40 May Promote Nuclease Domain Dimerization and Activation. Why does the lack of oligomerization compromise the DNA fragmentation activity of apoptotic nucleases? As demonstrated by the crystal structure, the nuclease domain of CAD can only function as a dimer, yet its dimer interface is loosely packed with poorly defined electron densities (24) . We suggest that the intrinsically weak nuclease dimers require that the nuclease domains be brought into proximity by the CIDE domains. This idea is supported by the earlier in vitro observation that on treatment of the DFF40/DFF45 complex by caspase-3, only the oligomeric fraction of DFF40 was associated with catalytic activity, whereas the monomeric fraction was inactive (25) . Although the size distribution of DFF40 helical oligomers may differ in cells, the mechanism of oligomerization-driven activation remains the same. Thus, release from their inhibitors is not sufficient for activation of apoptotic nucleases. Instead, helical oligomerization of apoptotic nucleases is a missing step in their activation, which promotes nuclease dimerization for DNA fragmentation.
Therefore, caspase-mediated activation of apoptotic nucleases may proceed in several steps (Fig. 4) . In a basal state, a nuclease binds its inhibitor using both the CIDE and inhibitor/chaperone domains (Fig. S1A ) to form an inactive heterodimer. On induction of apoptosis, the caspase cascade cleaves the inhibitor, releasing the nuclease for nuclear translocation. The monomeric nuclease then oligomerizes via its CIDE domain, which efficiently brings the nuclease domain into proximity for dimerization and thus catalytic activation, in a manner analogous to many caspase-activating complexes (26, 27) . The dimeric nuclease domain exhibits the shape of molecular scissors, with the distance between the blades compatible with a dsDNA strand (24) . The deep active-site crevice may distinguish internucleosomal DNA from nucleosomal DNA to generate apoptotic DNA ladders.
A Scaffold for Helical Oligomerization and Function. In recent years, higher-order assemblies have been identified as mechanisms of signaling in cell death and immunity (27, 28 CARD, PYD, and DED, ubiquitously form helical assemblies to mediate signal transduction, signal amplification, and proximityinduced enzyme activation. Our present study demonstrates that the CIDE domain family proteins form kinds of higher-order structures, which provide insight into CIDE domain-mediated processes ranging from DNA fragmentation to lipid droplet exchange and fusion. We do not yet know how higher-order structures facilitate lipid droplet homeostasis; however, in analogy to apoptotic nucleases and DD-mediated caspase and kinase activation, we suspect that the increased local concentration by oligomerization also may promote the lipid-binding activity of CIDEA, CIDEB, and FSP27. Unlike the more stable cooperatively formed DD filaments, the head-to-tail oligomerization observed for CIDE domains may be more dynamic in assembly and disassembly and is reminiscent of the head-to-tail oligomerization by PB1, DIX, and SAM domains (28) .
In general, open-ended oligomers pose challenges to structural biology; they are often ignored because of their apparent size heterogeneity, and their structural mechanisms of assembly may be more difficult to elucidate. When the oligomerization leads to ordered assemblies such as the CIDE domain filaments, structure determination may be achieved by cryo-EM and sometimes by crystallography. When the oligomerization is less ordered and more dynamic, investigation with multiple approaches may be required to tease out the mechanisms. Perhaps because of these challenges, it is likely that many more higher-order structures exist in diverse biological functions that have escaped our attention so far.
Materials and Methods
Sequence Alignment. The amino acid sequence of CIDEs was analyzed using ClustalW2 (www.ebi.ac.uk/Tools/msa/clustalw2/). Protein Purification and Structure Determination. The expression and purification of Drep2 and FSP27 have been described in detail elsewhere (22, 29) . Drep4 CIDE was produced using a previously established method (30) . Further details are provided in SI Materials and Methods.
In Vitro DFF Assay. The DFF assay was performed as described previously (1) . Details of the experiments are provided in SI Materials and Methods.
Electron Microscopy. The samples were imaged using a Tecnai G 2 Spirit BioTWIN Transmission Electron Microscope (TEM) and recorded with an AMT 2k CCD camera at the Harvard Medical School Electron Microscopy Facility. Details are provided in SI Materials and Methods.
